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Large volcanic rises on Venus have been interpreted as hotspots, or the surface

manifestation of mantle upwelling, on the basis of their broad topographic rises, abundant

volcanism, and large positive gravity anomalies. Hotspots offer an important opportunity to

study the behavior of the lithosphere in response to mantle forces. In addition to the four

previously known hotspots, Aria, Bell, Beta, and western Eistla Regiones, five new probable

hotspots, Dione, central Eisria, eastern Eisria, Imdr, and Themis, have been identified in the

Magellan radar, gravity and topography data. These nine regions exhibit a wider range of

volcano-tectonic characteristics than previously recognized for venusian hotspots, and have been

classified as rift-dominated (Aria, Beta), coronae-dominated (central and eastern Eisria, Themis),

or volcano-dominated (Bell, Dione, western Eisria, Imdr). The apparent depths of compensation

for these regions ranges from 65 to 260 km. New estimates of the elastic thickness, using the 90

degree and order spherical harmonic field, are 15-40 km at Bell Regio, and 25 km at western

Eisria Regio. Phillips et al. (1996) find a value of 30 km at Aria Regio. Numerous models of

lithospheric and manrie behavior have been proposed to interpret the gravity and topography

signature of the hotspots, with most studies focusing on Atla or Beta Regiones. Convective

models with Earth-like parameters result in estimates of the thickness of the thermal lithosphere

of approximately 100 Pan. Models of stagnant lid convection or thermal thinning infer the

thickness of the thermal lithosphere to be 300 krn or more. Without additional constraints, any
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of the model fits are equally valid. The thinner thermal lithosphere estimates are most consistent

with the volcanic and tectonic characteristics of the hotspots. Estimates of the thermal gradient

based on estimates of the elastic thickness a/so support a relatively thin lithosphere (Phillips et al.

1996). The advantage of larger estimates of the thermal lithospheric thickness is that they

provide an explanation for the apparently modest levels of geologic activity on Venus over the

last half billion years.

_TRODUCTION

Broad regional topographic rises, over 1003 km in diameter, with large volcanic edifices

were identified in Earth-based radar data (Saunders and Malin 1977; Campbell et al. 1984) and

in Pioneer Venus data (Masursky et al. 1980; Schaber 1982; McGill et al. 1981), and were found

to generally be concentrated in the equatorial region. Beta Regio, the largest volcanic rise on

Venus, was f'trst interpreted to be a result of mantle upwelling on the basis of Pioneer Venus

topography and radar data. McGill et al. (1981) argued that Beta Regio was analogous to

terrestrial hotspots because of evidence for a broad topographic swell, rifting, and volcanism.

These characteristics define hotspots, or tile surface manifestation of mantle upwellings. The

large positive gravity anomalies over such features as Beta Regio identified in Pioneer Venus

gravity data, which were interpreted to indicate deep thermal anomalies at the base of the

lithosphere, furthered the mantle upwelling hypothesis for large volcanic rises (Phillips and

Malin 1983; Smrekar and Phillips 1990).

Major topographic highs (see Figure 1) interpreted to be hotspots based on their

topographic shape, associated volcanism, and apparent depth of compensation, include: Atla

Regio (phillips and Malin 1983, 1984; Senske et al. 1992), Beta Regio (McGill et al. 1981;

Malin 1983, 1984 CampbeU et al. 1984), Bell Regio (Basilevsky and Janle 1987; Janle et al.

1987), Dione Regio (Keddie and Head 1995), eastern, central, and western Eistla Regio (Senske

et al. 1991a; Senske et al. 1992; Grimm and Phillips 1992; McGill 1994), Imdr Regio (Stofan et
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al. 1995),andThemisRegio(Stofanet al. 1992).Otherareasexhibit somebutnot all of the

characteristicsof hotspots.Ulfrun Regiois anelongatedrisewith aseriesof volcanicpeaksto

thenortheastof Atla Regiointerpretedasa hotspotby BasilevskyandHead(1988),but it hasa

relativelyshallowcompensationdepth(SmrekarandPhillips 1991).AsteriaRegio,to thewest

of BetaRegio,hasvolcanicedificesandalargedepthof compensation,but it is atopographic

plateauratherthanadome(SmrekarandPhillips 1990).

RisesonVenusexhibitgreatvariationsin theirmorphologicandtopographic

characteristics(Stofanet al. 1989;Bindschadleret al. 1992;Senskeet al. 1992),aswell astheir

gravity signatures(SmrekarandPhillips 1991;Smrekar1994;Simonset al. 1994,Stofanet al.

1995). Many topographicrisesexhibitabundantvolcanism,generallyin theform of largeshield

volcanoesandlavaflood plains(Headet al. 1992). Otherrises,suchaswesternEistla,alsoare

characterizedbysmall(<50km diameter)andintermediatescaleedifices. Over half of the

volcanic riseshavecoronae,circulartectonicfeatureswhich areinterpretedassmallscalemantle

upwellings(e.g.Stofanet al. 1996)onor neartheir flanks (Senskeet al. 1992;Stofanet al.

1992). Evidenceof extensionaldeformationis presentat nearlyall volcanicrises,rangingfrom

smallgrabensto beltsof fracturesandtroughsto majorrift systems.Thecombinedhigh

resolutiontopographyandradarimageshavemadeit possibleto characterizethetectonic

environment,includingtheareacoveredbyextensionalfaults,andthevolumeof thetopographic

swellsandvolcanicedifices(GrimmandPhillips 1992,Bindschadleret al. 1992;McGiU 1994;

Stofanet al. 1995). In someregions,Magellangravitydatais sufficiently high resolutionto

estimatethethicknessof theelasticlithosphere(Phillips 1994;Smrekar1994).

The interpretationof Magellandata,in particularthe impactcrateringrecord(Phillips et

al. 1992;Schaberet al. 1992),havealsoprovidedafoundationfor a newinterpretationof the

tectonichistoryof Venus.Theimpactcraterstatisticsgive alargeaveragecraterretentionage

for thesurfaceof approximately300-500m.y. Two puzzlingobservationsarethatthe

distributioncannotbedistinguishedfrom arandomone,andthattherearefew cratersmodified

by volcanismor tectonism.Oneinterpretationis thataglobalresurfacingeventis requiredto
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resettheageof theentiresurface(Schaberetal. 1992).Another end member case is one in

which resurfacing occurs at a steady rate in small patches (Phillips et al. 1992). Both end

member models are unlikely (Phillips et al. 1992). More detailed analyses indicates that there

are regions of the planet with significantly different ages (Namiki and Solomon 1994; Price and

Suppe; 1994; Phillips and Izenberg 1995). Some hotspots are among the regions with younger

ages (Phillips and Izenberg 1995). New theories proposed to explain the tectonic evolution of

Venus include catastrophic resurfacing though episodic lithospheric overturn (Parmentier and

Hess 1992; Turcotte 1995), chaotic mantle convection (Arkani-Hamed 1993), a transition to

stagnant lid convection (Solomatov and Moresi 1996), and gradual lithospheric cooling

(Solomon 1993; Grimm 1995).

Attempts to explain the cratering record and the thermal history of the planet have

fostered a debate over whether the lithosphere on Venus is essentially Earth-like in thickness

(~100 km) or several times thicker (see Phillips et al. 1996, for more discussion). Studies of

hotspots have played a key role in this debate. Many studies that argue for either a thick or a thin

lithosphere fit models of either mantle upwelling or thermal thinning of the lithosphere to the

gravity and topography data of one or more hotspot regions. As we will discuss, models of the

structure of the lithosphere and mantle do not provide a unique solution. However, the observed

volcanism and rifting, as well as estimates of elastic thickness, are more consistent with a fa8irly

thin lithosphere.

The wealth of information about terrestrial hotspots is the starting point for understanding

the processes that form venusian hotspots. For this reason, we review here what is known and

hypothesized about terrestrial hotspots. Although much of what we know about hotspots is

based on in-depth studies of a few regions, such as Hawaii for the Earth, and Beta and Aria

Regiones for Venus, it is clear that hotspots on both planets exhibit a wide range of

characteristics. The ongoing study of terrestrial hotspots continues to illuminate the process of

hotspot formation, yet there remains considerable debate over the extent to which processes such
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asdynamicuplift, thermalthinningof thelithosphere,andflexuralversuscrustalcompensation

of volcanoesoperateatindividual hotspots.Thisuncertaintyisevengreaterfor Venus.

Modelsof mantleconvectionarebecomingincreasinglysophisticatedandoffer new

insightson mantleupwellings. Modelsthatincludetemperature-dependentviscositypredict

considerableenergyatshortwavelengthsthatcancomplicatetheestimationof elasticthickness

0Vloresi and Parsons 1995; Kiefer 1995). Strongly temperature-dependent viscosity models can

lead to new convective modes, such as the stagnant lid convection models of Solomatov and

Moresi (1996). Models that include pressure-release melting are able to use estimates of

volcanic volumes as an additional constraint on mantle upwelling models (Smrekar and

Parmentier 1996).

The purpose of this chapter is to examine the role of hotspots in the tectonic evolution of

Venus. In this chapter we review the geophysics of terrestrial hotspots, the geologic

characteristics of venusian hotspots, models of hotspot formation and constraints provided by

gravity, topography, and radar data. We then discuss the implications of these studies for the

present day level of hotspot activity and the thickness of the venusian lithosphere, as well the

relationship between venusian hotspots, coronae, and highland plateaus. Here we favor the

interpretation that some hotspots may be still active and that the lithosphere is relatively thin, on

the order of 100-150 km.

TERRESTRIAL HOTSPOTS

The analogy to terrestrial hotspots is an important tool for better understanding venusian

hotspots. Roughly 40 hotspots are recognized on Earth (Crough 1983). However, there is a

considerable variability in hotspot characteristics (e.g. Sleep 1990), and much of the

understanding of this class of tectonic features is based on studies of Hawaii and several of the

other major hotspots. Most occur on oceanic plates and can be easily recognized by their

'hotspot tracks', or the chain of topographic swells and associated volcanoes left behind as the

5



tectonicplate moves over the relatively stationary plume. The observation that plumes appear to

have a fixed position with respect to the mobile plates is one line of evidence suggesting that

they originate from deep in the interior, most likely at the core-mantle boundary. The heights of

topographic s_dls associated with the plumes are in the range of 0.4 - 2.1 km and radii vary

from 900 to 1800 km (Monnereau and Cazenave 1990). These swell heights are typically

measured below water, and the isostatic loading effect of sea water must be removed from the

measurement for comparison with Venus. The equivalent sub-aerial swell heights, based on

simple mass balance arguments, would be 30% less.

Numerous data sets provide constraints on the structure of the crust, lithosphere, and

upper mantle beneath hotspots. In a survey of 23 oceanic hotspots, all have geoid anomalies of

less than 10 meters (Monnereau and Cazenave 1990). These geoid, or equivalently gravity,

anomalies are all far less than would be expected given the large topographic swells and

evidence for mantle plumes at depth. These small geoid anomalies have been interpreted to

indicate the presence of a low viscosity zone in the upper mantle that acts to decouple the

topography from the plume buoyancy forces at depth (Robinson and Parsons 1988). An increase

in the topography and the geoid-to-topography ratio at hotspots on older oceanic plates provides

evidence that the low viscosity zone thins as the thermal lithosphere thickens (Cazenave et al.

1988). Gravity data also help constrain the thermal prof'tle beneath hotspots by yielding

estimates of the elastic thickness of the lithosphere. Typical values are 30-55 km (McNutt and

Shure 1986; McNutt 1988; Sheehan and McNutt 1989, Ebinger et al. 1989). However, these

elastic thickness estimates may be somewhat biased by a short wavelength convective signature,

as discussed below.

The volcanic edifices visible at the surface are likely to be only a fraction of the total

contribution of volcanism to the swell topography. Seismic data available at several oceanic

hotspots indicate that crustal thickening due to intrusive volcanism is distributed within a radius

of several hundred kilometers from the volcanic edifices (White 1993 and references therein).

Underplating of volcanic melt at the base of the crust has been studied at Hawaii, but due to the
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difficulty of interpretingseismicdata,estimatesof thepercentageof totalmelt volumethatis

tmderplatedrangefrom 15to 40% (Lindwall 1985;Wattset al. 1985;tenBrink andBrocker

1987). At the Marquesas hotspot, both gravity and seismic data indicate there is a significant

amount of crustal underplating and that the flexural trough surrounding the volcanoes is f'tlled

with sediments (Wolfe et al. 1994). Given the large uncertainties inherent in these approaches,

the bounds on the likely ratio of extrusive to intrusive volcanism for terrestrial hotspots, and by

analogy venusian hotspots, is 1:2 to 1:10 (see Smrekar and Parmentier 1996 for more

discussion). In addition to the intrusion and extrusion of volcanic melt, pressure-release melting

leaves behind low density residuum beneath the thermal lithosphere that may isostatically

compensate up to 25% of the broad swell topography (Phipps Morgan et al. 1995).

Seismic imaging of mantle plumes to date is consistent with a plume head that extends up

to several hundred kilometers in depth (Nataf and VanDecar 1993; Bjarnason et al. 1996;

VanDecar et al. 1995). Since plate motions can be used to determine the time period that a

plume head has been in contact with the p!ate, the topographic swell can be used to estimate the

buoyancy flux for hotspots. Somewhat different techniques yield a total value of -50 Mg/s for

all terrestrial hotspots (Davies 1988; Sleep 1990), or approximately 10% of the Earth's total heat

flux (Davies 1988). These approaches, as _vell as petrologic evidence (Watson and McKenzie

1991) indicate that the near-surface plume-mantle temperature difference is approximately

200°C. Since plate tectonics continually destroys plates, the duration of mantle plumes is poorly

constrained. The oldest active hotspot may be Crozet, which is believed to be the source of the

200 Ma Karoo flood basalts (White and McKenzie 1989).

Numerous processes contribute to the characteristic broad topographic swell and edifices

found at hotspots. There is evidence for compensation of the swell topography by low density

mantle residuum, intrusive volcanism, and thermal buoyancy of the plume, as well as flexural

compensation of volcanoes. Debate continues about the relative contributions of the various

processes, which in turn affects the accuracy of estimates of parameters such as lithospheric

thickness and plume strength. With respect to the swell topography, there is debate about the
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relativecontributionsof the thermal and chemical density anomalies (Phipps Morgan et al.

1995), the extent to which the thermal lithosphere is thinned by the plume (e.g. McNutt 1988),

and the amount of dynamic uplift, where dynamic uplift refers to a rising thermal plume as

opposed to a static thermal anomaly (e.g. McNutt and Judge 1990). As discussed above, the

amount of intrusive volcanism is also poorly constrained.

VOLCANO-TECTONIC CHARACTERISTICS

Volcanic rises on Venus exhibit a wide range of size and geologic characteristics. Swell

heights and diameters are given in Table I. Beta and western Eisfla Regiones are the largest

volcanic rises; Imdr, Bell, Dione, and central Eisfla Regiones are the smallest. Locations of the

nine hotspots are shown in Figure 1. Volcanic rises on Venus are clearly separable on the basis

of the relative importance of rifts, major volcanic edifices, and coronae (Stofan et al. 1995).

Below we describe the geologic characteristics of individual hotspots. We then describe the

reasons for assigning each hotspot to a specific category.

Characteristics of Individual Hotspots

Atla Regio contains some of the largest venusian volcanoes. Ozza and Maat Montes, the

two volcanic edifices at Atla, have minimum volcanic volumes of 3.0 x 105 km3, and 2.1 x 105

km3, respectively. Maat Mons is the tallest volcano on Venus and has a topographic rise of over

5 kin. Another large volcanic edifice, Sapas Mons, lies to the west of the swell. The topographic

rise lies at the junction of four major rift systems: Dali, Parga, Hecate and Ganis Chasmata.

Senske et al. (1992) found that tiffing and volcanism overlapped in time at Aria Regio. Aria is

also associated with several coronae and some fragments of complexly deformed (or tessera)

terrain.

Beta Regio is volumetrically the largest rise, and is cut by the major rift, Devana Chasma

(Figure 2). Beta Regio has one major volcanic edifice, Theia Mons, which is superposed on the
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rift, buthasalsobeencutby subsequentrifting (Campbellet al. 1984;Stofanet al. 1989;Senske

et al. 1990). TheiaMonshasanapproximatevolumeof 1.6x 105km3. At the northernendof

Beta,a largeregionof upliftedtesseraterrainis alsocutby DevanaChasma,indicatingthatthe

risemayhaveformedin aregionof pre-existingtesseraterrain(Senskeet al. 1992).

Bell Regioincludesseverallargevolcaniccenters,includingTepevMons,which hasa

minimum volumeof 3.2x 104km3. Bell Regioalsocontainsseveralcoronae(Figure3). No

evidenceof rifting is seenatBell Regio. CampbellandRogers(1994)found thatvolcanismat

Bell Regiohaschangedovertime, from productionof low relief volcaniccentersto steep-sided

edificessuchasTepevMons.

DioneRegiohasthreemajorvolcanicedifices,Ushas,Innini andHathorMontes. Hathor

is the largestedifice,with aminimumvolumeof 1.6x 105km3(Stofanet al. 1995). Dionehasa

very poorly definedtopographicswellapproximately1000km in diameterandlessthan1.0km

high (Stofanet al. 1995). Someevidencefor rifting is presentatDioneRegio,althoughnotas

well expressedasatAria, Beta or western Eistla Regiones. Keddie and Head (1995) interpret the

presence of large volcanoes and a poorly defined topographic rise to indicate either secondary

upwellings from a single large plume or near-contemporaneous upweUing of several smaller

plumes. An alternative explanation is that the poorly defined topographic swell indicates a very

late stage hotspot with litde remaining thermal anomaly at depth.

Eistla Regio is composed of three separate highlands: western, central and eastern Eistla

Regio. Western Eistla Regio is the largest of the three segments and has two large volcanic

edifices, Sif and Gula Montes, with volumes of 1.6 x 104km 3 and 2.3 x 104 km 3, respectively

(Stofan et al. 1995). The topographic rise is cut by a rift, Guor Linea, that is interpreted to be

coeval with volcanism at Gula Montes (Senske et al. 1992). Sif and Gula Montes appear to be

coeval (Senske et al. 1992), although some flows from Gula overlie Sif flow units. Two coronae

on the northern flank of western Eistla have formed after Gula Mons.

Central Eistla Regio has several large volcanoes and coronae. McGill (1994) interpreted

the volcanoes to predate corona formation at central Eistla Regio. Evidence for uplift and
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volcanicconstructionhasalsobeenidentifiedin centralEistlaRegio(McGill 1994). No major

rifts are present within this highland. Plains surrounding central Eistla are interpreted to have

formed generally after formation of the highland, and to have been emplaced in a relatively short

time period (McGiU 1994). Grimm and Phillips (1992) analyzed the Pioneer Venus gravity data

for Western and Central Eistla Regiones. They found that the tectonic fracture pattern was

generally consistent with the stress pattern inferred from a two layer model of crustal and deep

compensation used to fit the gravity and topography data. They interpreted Western Eistla to be

underlain by an active plume and Central Eistla to be underlain by a waning plume.

Eastern Eistla Regio is a cluster of five coronae with diameters ranging from 300 to 600

km sitting on an irregular topographic rise. Despite their small size, local gravity highs are

centered over four of the five coronae (Schubert et al. 1994). Each of the coronae are

characterized by a raised rim, and are associated with large flow deposits. No major extensional

deformation is seen at eastern Eisfla Regio.

Imdr Regio has one major unnamed volcanic edifice, with an approximate volume of 4.8

x 104 km 3. Wrinkle ridge patterns indicate that the plains were uplifted a minimum of 200 m to

form the topographic rise (Stofan et al. 1995). The rise is cut by a minor rift structure. Imdr has

the least complex surface morphology of all venusian volcanic rises, with no associated coronae

and the smallest amount of associated volcanism.

Themis Regio is dominated by five major coronae (Stofan et al. 1992). The coronae at

Themis Regio are typically 200 to over 500 km across, and vary in spacing (Figure 4). The

Themis Regio coronae exhibit abundant volcanism, including extensive radiating flows and

small to intermediate scale edifices. Themis Regio lies at the termination of Parga Chasma.

Extensional deformation at Themis Regio is manifested by a graben lying along the axis of the

highest topography within the largest corona. Minor extensional features also cut across the

swell, continuing from Parga Chasma. Fractures and graben are much less common than along

the rest of Parga Chasma, and are embayed by corona-related flows in places. Some fractures
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andgrabenbendaroundthecoronae,indicatingthatcoronaformationoccurredprior to some

extensionaldeformation.

Classificationof Hotspots

Afla andBetaRegionesareclassifiedasrift-dominated. Eachiscut by amajor axial rift

valleyup thatis 50-100km wide,up to 2 km deep(Solomonet al. 1992)and_at extendsfor

thousandsof kilometers,continuingfar beyondthetopographicswell (seeFigure2). Someother

risesareassociatedwith minor rift structuresor beltsof grabens,but thesezonesof extension

extendfor hundredsratherthanthousandsof kilometersandarelessintensivelydeformed.Atla

andBetaalsocontainlargeshieldvolcanoes,andhavefew associatedcoronae.Volcanismand

extensionoverlappedin time atbothAtla andBetaRegiones(e.g.,Stofanet al. 1989;Senskeet

al. 1992). Therift-dominatedrisesarealsothetopographicallyhighestof volcanic riseson

Venusandhavelargeapparentdepthsof compensationandthelargestgravityanomalies(see

TableI).

Imdr,westernEistla,Bell, andDioneRegiones,classifiedasvolcano-dominated,contain

oneor morelarge-scale(>300km diameter)volcanicedifices. Theedificesat eachriseare

about 1-2km high, andaresurroundedby extensiveflows. At eachvolcano-dominatedrise,

only minorextensionis present.An evolutionarysequencecanbedeterminedatseveralof the

volcano-dominatedrises,basedprimarily on interpretationof thegravitydata(Smrekar1994;

SmrekarandParmentier1996). Imdr andwesternEistlaRegionesarelikely to bean

intermediatestageof evolution,with anactiveplume. Bell andDioneRegionesarelikely to be

in a latestageof evolution,basedon their significantlysmallerapparentdepthsof compensation

(seebelow for morediscussionof gravity signatures).

The corona-dominatedrisesareThemis,centralEisfla,andeasternEisflaRegiones.The

coronaeateachrisearetypically 200 to over 500 km across and exhibit abundant volcanism.

Themis Regio is the only one of the three corona-dominated rises that contains any significant

extensional deformation, probably because of its association with Parga Chasma. The volcano-
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andcorona-dominated swells all lie 1.0-1.8 km above the surrounding plains, closer to the

typical heights of terrestrial swells.

The three morphologic classes of hotspots were interpreted by Stofan et al. (1995) to be

the result of variations in plume or lithospheric properties rather than different stages of

evolution. Both of the rift-dominated rises occur at tectonic junctions along large-scale chasmata

systems (Schaber i982), where Stofan et al. (1995) interpret the regional extensional stress state

responsible for the chasmata system to control the rift-dominated morphology of each rise.

Corona-dominated rises are interpreted to reflect breakup of a plume or secondary convection.

Volcano-dominated rises appear to be the simplest manifestation of a mantle plume and are the

most similar to terrestrial oceanic hotspots.

Sources of Rise Topography
i

The source of rise topography is an important question because the topography is one of

the primary observational constraints on models of origin. There are two types of contributions

to topography at volcanic rises: 1) those due to the thermal buoyancy of the plume and thermal

thinning of the lithosphere, and 2) those related to pressure-release melting as the plume rises,

such as extrusive volcanism, isostatic uplift'due to magmatic thickening of the crust, and buoyant

melt residuum in the mantle. Thermal buoyancy occurs only while the plume is active or still

cooling. Thinning of the thermal lithosphere acts to decrease the topography since denser mantle

material replaces the lithosphere. The second type of contribution is essentially permanent,

although residuum at the base of the lithosphere may eventually spread away from the hotspot.

The amount of magmatism and the amount of uplift due to the plume are directly linked to the

duration, buoyancy flux, and depth of the upwelling; therefore, any bounds that can be placed on

volcanic construction can provide information on the nature of the upwelling.

Stofan et al. (1995) estimated the minimum and maximum volume of extrusive and

intrusive volcanics at each rise, in order to place some constraints on volcanic construction. The

upper bound is the volume of the whole rise swell. The rises exhibit a relatively continuous
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gradationin volume,with Beta, Aria and western Eistla Regiones the largest and Imdr and

central Eisfla Regiones the smallest. A lower bound on the volume of volcanics was estimated

by f'mding the volumes of major volcanic features on each rise. This represents a minimum

contribution by volcanism as part of the rise is likely to be composed of flows and intrusives.

Using the terrestrial range of possible ratios of extrusive volcanic volume to the total melt

volume of 1:2 to 1:10 (White 1993; Watts et al. 1985; ten Brink and Brocher 1987; Wolfe et al.

1994), the total melt volume at venusian rises may be 104-106 km 3. If the terrestrial analogy is

correct, then 5-50% of the rise topography can be attributed to volcanism. The amount of

constructional volcanism may differ significantly from rise to rise on Venus. For example,

Stofan et al. (1995) interpreted Dione Regio to be dominated by volcanic construction, while

Imdr Regio was interpreted to have very localized volcanism with a significant portion of its

topography contributed by uplift.

Volcanic edifice volumes estimated for venusian hotspots lie within the range found for

terrestrial hotspots, and suggests a similar amount of melt generation (Stofan et al. 1995). Swell

volumes on Venus and Earth are also comparable in size (Stofan et al. 1995). Venusian swells

tend to be somewhat larger, probably due to the absence of plate motion. This observation is

most consistent with Earth-like plumes and lithosphere on Venus, as is discussed more fully

below.

GRAVITY STUDIES

Gravity data furnish clues about the structure of the lithosphere and mantle beneath

hotspots on Venus. Density variations in the subsurface such as low density crustal roots or

thermal anomalies support the load of the surface topography. The large positive gravity

anomalies identified at hotspots are one of the key pieces of information used to argue for a

mantle upwelling origin for large volcanic swells (e.g. Phillips and Malin 1984), since the closer

a low density region to the surface, the smaller the gravity anomaly.
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Oneof thesimplestapproachesto interpretinggravity datais to calculateanapparent

depthof compensation(ADC). Thetermapparentis usedbecausecompensationis assumedto

beconstrainedto a singledepthanddensitycontrast.TheADC givessomefirst orderinsights

into whethercompensationoccursin thecrustatshallowdepths,or is relatedto lithospheric

and/ormantleprocesses,whicharedeeper.A comparableapproachis to estimatethegeoid-to-

topographyratio (SmrekarandPhillips 1991;Simonset al. 1995). Thespectraladmittance

techniqueisusedto calculatetheratioof thegravity (or geoid)to topographyasafunction of

wavelength(.e.g.DormanandLewis 1970;Forsyth1985). This approachaffordsmoreinsight

into which compensationmechanismsmaybeoperatingandis bestusedif the dataresolutionis

adequateto spectrallydecomposetheobservedgravity field.

ThelargeADCsat BetaandAtla Regioneswerefirst recognizedin thePioneerVenus

gravitydata(PhillipsandMalin 19831984)andinterpretedto indicatethepresenceof mantle

plumes. LaterstudiesshowedthatBell andwesternEistlaRegioalsohadlargedepthsof

compensationandwerealsolikely hotspots(SmrekarandPhillips 1991;Grimm andPhillips

1992). Additionally, gravity studiesindicatedthat,in contrastto Earth,theuppermantlecould

notcontaina significantlow viscosityregionor asthenosphere(Phillips 1986,1990;Kiefer and

Hager1991;SmrekarandPhillips 1991).

Dopplertrackingof theMagellanspacecraftprovidedasignificantimprovementin the

resolutionof thegravity field, which is nowmodeledto sphericalharmonicdegree90, or

wavelengthslongerthan420 km, overmuchof theplanet(Sjogrenet al. 1996). Becausethe

effectsof lithosphericflexure aremostpronouncedat shortwavelengths,the resolutionof the

Magellangravity field hasallows thegravity andtopographydatato beusedasaconstrainton

the thicknessof theelasticlithosphere,asdiscussedmorefully in thenextsection. It is also

possibleto estimateADCs for all nineprobablehotspotsusingMagellangravity (seeTableI).

The ADCsrangefrom 65to 260km.

It is worthnotingthatinitial studiesof theMagellandatamaynothavebeenbasedon the

highestresolutiondataultimately obtainedfor a region. Additionally, errors in the data
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reductionsoftware lead to minor errors in the gravity field which have been corrected in the 90

degree and order spherical harmonic field (Sjogren et al. 1996). The general result of the

improved resolution and corrections is to decrease estimates of elastic thickness somewhat, as

shown below for western Eistla and Bell Regiones and in Phillips et al. (1996) for Aria Regio.

Estimates of the long wavelength ADCs are generally unaffected by the improvements in the

new fields. The interpretation of gravity and topography data in the context of proposed hotspot

models is discussed in the next section.

HOTSPOT MODELS

In this section we discuss the range of models that have been proposed to explain the

present-day subsurface structure beneath venusian hotspots by fitting model predictions to

topography and gravity data. A wide range of models can fit the data. In the discussion section,

we will offer some suggestions for discriminating between models based on both the fit to the

gravity and topography data and additional information.

The most common approach is to model a mantle upweUing using numerical or analytic

methods (Kiefer and Hager 1991; Smrekar and Phillips 1991; Koch 1994; McKenzie" 1994;

Moresi and Parsons 1995; Smrekar and Parmentier 1996; Solomatov and Moresi 1996). Another

approach is to assume that the topography is supported isostatically by thermal thinning of the

lithosphere (Morgan and Phillips 1983; Kucinskas and Turcotte 1994; Moore and Schubert

1995). Alternatively one can assume that a density contrast occurs both at the crust-mantle

interface and at a deeper interface such as the base of the lithosphere fBanerdt 1986; Williams

and Gaddis 1991; Bills and Fischer 1992; Grimm and Phillips 1992; Herfick and Phillips 1992).

A third approach is to include the flexure of the elastic lithosphere in the predictions of gravity

and topography (Phillips 1994; Smrekar 1994; Phillips et al. 1996).

Mantle UpweUing Models
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Oneexampleof anumericalsimulationof axisymmetricmantleupwelling is shownin

Figure5. Figure5 comparesamodelwith Rayleighnumberof 107with gravity andtopography

dataacrossBetaRegio. TheRayleighnumber,Ra,describesthestrengthof theconvection,with

highervaluesindicatingmorevigorousconvection(e.g.Schubertet al. 1996). A morecomplete

discussionof themodelandparametersaregivenin Kiefer andHager(1991),andthehigh

Rayleighnumbercalculationsshownin Figures5, 6, and11arediscussedin Kiefer (1994). The

observedprofilesaretakenonanEast-Westprofile at 29°N,with theprof'flescenteredat 282°E,

roughlymidwaybetweenTheiaandRheaMontes,in orderto minimize the influenceof volcanic

constructionon thetopography.Themodelgeoidis anexcellentfit to both theshapeand

amplitudeof theobservations.Thetopographymodel is a goodmatchto theoverall shapeand

amplitudeof theobservedtopography.In detail,however,thereareanumberof disagreements

betweenthemodelandobservedtopography.For example,thevery largetopographic

depressionnearthecenterof theprofile is DevanaChasma.The high-frequencyvariationsalong

theobservedtopographyprofile mostlikely representvariationsin crustalthickness. Basedon

gravitymodelingin otherregions,tesseraunitsarethoughtto be regionsof thickenedcrust

(Basilevskyet al. 1986;Grimm 1994)andhenceelevatedtopography.Most of theregion

between-1400and-2200Ion on this profile (258o-267° E) consistsof tessera,which probably

explainswhy theobservedtopographyis consistentlyabovethemodel. Similarly, the narrow

topographicpeaknear+1080km (294°E)is associatedwith tessera.

Theoverallfit to thebroad-scalegeoidandtopographyindicatesthat muchof the

topographyof BetaRegiomight besupporteddynamically. Themodel topographyin Figure5b

hasapeakamplitudeof 3.7km. In contrast,Stofanet al. (1995)estimatedthatthe swell

topographywithout theeffectsof volcanicconstructsat Beta Regio has a maximum amplitude of

only 2.1 km. Their estimate was based on topographic profiles that were several hundred

kilometers north and south of the profile shown in Figure 5. Both estimates have tried to

minimize the influence of volcanism, but have arrived at very different estimates of swell

topography. If only 2.1 km of topography is plume-related at Beta Regio, then the plume-related
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geoidis probablynomorethan50meters.An additional 40 meters could come from other

sources, such as flexuraUy compensated volcanoes (Smrekar and Parmentier 1996) or low

density residuum from pressure-release melting (Moore and Schubert 1995; Smrekar and

Parmentier 1996).

Although the model presented above provides a good fit to the data, it is not unique. A

number of parameters influence the geoid and topography produced by mantle plumes. Two

important parameters are the variation of viscosity with depth and the Rayleigh number. An

equally good fit of the Pioneer Venus Orbiter observations of Beta Regio were done using Ra =

106 models by Kiefer and Hager (1991). Increasing the Rayleigh number decreases the

thickness of the boundary layers and the widths of the upweUings and downweUings, which has

the effect of reducing both the geoid and the dynamic topography produced by the convection

(Kiefer and Hager 1992). With suitable adjustments in model parameters, one can produce

several distinctly different models that nevertheless have nearly identical geoid and dynamic

topography (Kiefer 1994). This is illustrated in Figure 6. The dashed lines are the geoid

anomaly and topography as a function of distance from the plume center for a model with Ra =

107 and an isoviscous mantle with a 65 km thick high viscosity surface layer. The solid lines in

Figure 6 are for a model with Ra = 106 , a 130 km thick high viscosity surface layer, and an

lower mantle viscosity that is ten times the upper mantle viscosity, with the transition assumed to

occur at 700 km depth. Both models include high viscosity surface layers to mimic the effects of

temperature-dependent rheology in the upper thermal boundary layer. However, the geoid and

topography are only weakly dependent on the precise lid thickness and viscosity contrast (Kiefer

and Hager 1992). The two models produce quite similar geoid and topography profiles, although

as we will discuss below, the two models have different short- wavelength free-air gravity

anomalies. Figure 6 makes it clear that we should not expect to derive a unique set of mantle and

lithospheric parameters from these observations.

Other convection models applied to Venus differ in several respects, particularly in the

choices of convective layer thickness and the temperature contrast between the plume and the
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averagemantle. In themodeldiscussedabove,theconvectivelayerthicknessis 2800km, which

is assumedto bethemantlethicknessonVenusby analogyto thethicknessof Earth's mantle.

Thetemperaturecontrastbetweentheplumeandtheaveragemantleis about300K, which is

consistentwith avarietyof geophysicalandpetrologicalobservationsof terrestrialhotspots

(Sleep1990).

SolomatovandMoresi (1996)useatemperature-dependentviscositymodelof mantle

upwellingwith aRayleighnumberandatemperaturecontrastthataresimilar to thosedescribed

above,aconvectinglayer thicknessof 1600km, andaCartesiangeometry.Their modelalsofits

observations(Figure7) acrossBetaRegio,but with a near-surfacehighviscosity layer about400

km thick. TheyproposethatVenusis currentlyexperiencingstagnantlid convectionin which

therearenomobileplatesandvery little surfacedeformation.Forotherhotspotswith smaller

gravityandtopographyamplitudes,theirmodelpredictsaconvectivelayer thicknessof 600-900

km, a stagnant lid thickness of 200-400 km, and a viscosity of 102°-102t Pa s. McKenzie (1994)

also examined hotspot regions on Venus and argued for a convecting layer of only 1000 kni,

although he did not provide a specific comparison between model and observations. As

emphasized by both Solomatov and Moresi (1996) and McKenzie (1994), the physical meaning

of such small convective layer depths is unclear.

Koch (1994) used a boundary integral method to describe a rising viscous drop beneath a

free-fluid surface as a means of modeling plume evolution. The predicted topography evolved

from a dome to a plateau and finally decays while the GTR starts out very large and gradually

approaches zero. Based on the GTRs for venusian hotspots, Koch inferred that many of the

hotspots are in an early stage of evolution and highland plateaus are in a late stage of evolution,

in agreement with a hypothesis put forward by Phillips et al. (1991). No lithosphere is explicitly

included in Koch's models.

Smrekar and Parmentier (1996)created a suite of numerical convection models with

temperature-dependent viscosity and pressure-release melting intended to fit the overall range of

estimated volcanic volumes, and gravity and topography signatures found for venusian hotspots.
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Earth-likevaluesof lithosphericthickness(-100-150km) andplume-mantletemperature

differences(-200°K) canfit theobservedrangeof gravity, topography,andestimatedvolcanic

volumes(seeFigure8) for venusianhotspots.Like Koch (1994)this studyemphasizedthetime

evolutionof theplume. SmrekarandParmentier'sstudydifferedin thatit did not includethe

developmentof plateaus,predictedverydifferenttimescalesof evolution,andresultedin a

different interpretationof theevolutionarystage.

SmrekarandParmentier(1996)showedthat thepredictedrangeof gravityand

topographyoverthe lifetime of theplumecanaccountfor muchof thevariability of thedatafor

thenine likely hotspotsonVenus(Figure8). In theearlieststageof evolution, theADC is very

large,theswell topographyis minimal, andthereis novolcanism.This stageis relatively short-

lived, lastingontheorderof 10M.y. No hotspotswerefoundto bein thisstageonVenus

(Stofanet al. 1995;SmrekarandParmentier1996). Intermediateandlatestagehotspotsare

somewhatdifficult to distinguish,asvolcanismthatoccursin theintermediatestagewill remain

at thesurface,andthetopographyandADC decreaseslowly from theintermediateto the late

stage.All nine of the possible hotspots on Venus are interpreted to be in an intermediate to late

stage of evolution (Stofan et al. 1995; Smrekar and Parmentier 1996).

As discussed above, global overtum of the upper thermal boundary layer along with a

layer of depleted mantle material is one hypothesis for resurfacing Venus (Parmentier and Hess

1993). Models with a layer of mantle residuum ofup to 250 km thick beneath a thermal

lithosphere 100 km in thickness can also fit the range of gravity, topography, and estimated

volcanic volumes (Figure 9). The presence of such a layer of residuum can significantly increase

the ADC, and is one explanation for hotspots with larger ADCs such as Beta Regio (Moore and

Schubert 1995; Smrekar and Parmentier 1996).

Isostatic Compensation Models

Morgan and Phillips (1983) originally proposed that much of the topography on Venus

could be explained by variations in the thickness of the thermal lithosphere. Rosenblatt et al.
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(1994)alsoconfirmedthisresultusingMagellandata. Bothstudiesfoundthat topographyat

higher elevations, including some of the hotspots, do not fit the model of thermal thinning of the

lithosphere. Both studies assumed a reference lithospheric thickness of approximately 100 kin.

Using Magellan gravity data for Beta Regio, Moore and Schubert (1995) fit a thermal

compensation model with a reference thermal boundary layer thickness of 270 km, thinning to

100 km, and a temperature contrast of 800-1000 K ° between the hot mantle and the lithosphere.

As pointed out by Moore and Schubert (1995), such a large temperature contrast at depths of

100-150 km would produce more melting than appears to be consistent with surface volcanism,

leading them to suggest that other mechanisms must also be operating. Kucinskas and Turcotte

(1994) also used a thermal thinning model to fit the data for Atla and Beta Regiones. They

estimated a thermal lithospheric thickness of 350 km, with thinning of the lithosphere to 113 km

beneath Beta and 88 km beneath Aria.

The large ADCs for hotspots indicate that they can not be crustally compensated.

However, crustal compensation could partially support the topography along with a thermal

anomaly at depth. Grimm and Phillips (1992) used a model with a crustal thickness of 20 km

and an average ADC of 230 km, presumed to be the approximate location of a mantle upwelling,

to fit the gravity and topography for Eistla Regio. Using a spatial fit to the data they found an

ADC of 210 km for western Eistla Regio, and a value of 120 km for central Eistla Regio. Bills

and Fischer (1992) also used a two layer mass model with density variations at 50 and 500 kin.

Both of the above models assumed Stokes flow on the lower boundary. The results of Bills and

Fischer (1992) supported the interpretation of Atla and Beta Regiones as upwellings.

Another model of hotspot compensation is one in which a low density residuum root,

produced by pressure-release melting as the plume head rises, supports the topographic swell

after the thermal anomaly decays. The density contrast in the residuum root may be as high as

50 kg/m3, equivalent to 20% melting for a basaltic crust (see Smrekar and Parmentier 1996).

Using an isostatic model of compensation and assuming a mantle density of 3300 kg/m3, the

thickness of a residuum root required to support 1 km of topography is 66 km. The volume of
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residuumthatis requiredto supporttheentireswell is probablyinconsistentwith theestimated

volumeof volcanics.PhippsMorganetal. (1995)estimatethat25%of thecompensationat

terrestrialhotspotscomesfrom aresiduumlayer. This estimateisprobablyapplicableto Venus

aswell becauseof thesimilarity in volcanicandswellvolumeestimates(Stofanet al. 1995). In

contrast,Phillips et al. (1990)estimatedthat 8km of relief in theTharsisvolcanicregionof Mars

couldbesupportedlargelyby aresiduumroot. Their approachdiffersin that theytry to match

theobservedtopographyratherthanconstraintheamountof pressure-releasemelting with a

combinationof upwellingmodelsandestimatedvolumeof volcanics,aswasdonein Smrekar

andParmentier(1996). They thusallow alargervolumeof materialto undergomuchlarger

degreesof partialmelting,aswell aspermitagreaterfractionof intrusivevolcanism.

An additionaluncertaintyis thetimeperiodoverwhichsucharesiduumroot would be

stable.ParmentierandHess(1992)showedsuchalayeronVenusbecomesgravitationally

unstableasit cools,overturninggloballyon timescalesof 300-500M.y. PhippsMorganet al.

(1995)havearguedthat mantleresiduummaybemoreviscousthanundepletedmantle,basedon

its lowerwatercontentandhigherMg/Feratio. Althoughit unclearif themantlewatercontent

(e.g.,Kaula 1990;Kiefer andHager1991)is comparableonVenus,sucharoot might bestable

for sometimein theabsenceof platetectonics.

FlexuralModelsandAdmittanceStudies

Studiesof admittancespectraarethemostusefulapproachto distinguishingbetween

variouscompensationmodels,andareparticularlyusefulfor determiningflexural contributions

to topography.Sincetheflexural signatureoccursat shortwavelengths(-1000 km or less),it is

importantto usethehighestresolutiondataavailable.Comparisonsbetweenadmittancespectra

calculatedfrom the60versus90degreeandordergravity fields alongwith new modelfits are

shownfor Bell andwesternEistlaRegionesin Figure10. A similarcomparisonfor Atla Regio is

found in Phillips et al. (1996). Data are shown from three different sources. The asterix show

data from a local inversion of the line-of-sight data (see Smrekar 1994 for details), the circles
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showthedatafor the60degreeandordersphericalharmonicfield (Konopliv et al. 1994), and

the pluses show data foi" the 90 degree and order spherical harmonic field (Sjogren et al. 1996).

There is general'agreement between the three gravity fields. The 90 degree and order field

should be considered the best representation of the gravity field, since prior data sets included

small data reduction errors. Further, it has the smallest error estimates (see Smrekar 1994 for

error formula) and produces the smoothest admittance curve.

In addition, the accuracy of the model fit also depends on the estimating the wavelength

at which the data resolution decays. One estimate of the appropriate wavelength cut off comes

from the degree strength estimate of the spherical harmonic gravity field (Sjogren et al. 1996).

For Bell and western Eistla Regiones, the cut offs are approximately 475 and 500 km,

respectively. These estimates are consistent with the point at which the admittance spectra begin

to flatten out (Figure 10), suggesting that there is no power in the gravity spectra.

The modeling approach taken to fitting the admittance spectra illustrated in Figure 10 is

to make the explicit assumption that top loading will be important at short wavelengths and

bottom loading will dominate at long wavelengths (McNutt and Shure I986). This type of model

fits the admittance data at Bell Regio and Atla Regio very well (Smrekar 1994). Purely isostatic

models do not provide a good fit to the data at any of the hotspots whose spectral admittance

techniques have been applied, including Bell, Beta, Atla, or western Eistla Regiones (Smrekar

1994). The admittance spectrum for Bell Regio is shown with two sets of model curves (Figure

10a). The solid lines are predicted by bottom loading of the elastic lithosphere due to a deep

density contrast, assumed to be the thermal anomaly in the plume head. The dashed lines are

models of loading of the elastic plate from above, presumably by a volcano, and crustal

compensation. The elastic thickness estimate at short wavelengths is 15+_5 km, and 40-&5 km at

long wavelength. These values are lower than the elastic thickness estimates of 30-_ km at short

wavelengths and 50-_ km found using earlier versions of the Magellan gravity data (Smrekar

1994). Modeling of the 90 degree and order field also gives a larger estimate of the ADC than

that found using the 60 degree and order field. However, this difference of 160 km versus 125
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km is a result of using a different crustal thickness, as required to fit the slope of the data at short

wavelengths and does not represent a significant change in the data at long wavelength. Since

the uncertainty in the crustal thickness suggests an error of :1r.25km in the estimate of the ADC

(Smrekar 1994), these two estimate are within the error bars.

One interpretation of the difference in the elastic thickness as a function of wavelength is

that the elastic lithosphere is locally thinned under the volcanoes. Sheehan and McNutt (1989)

interpreted the admittance data for the Bermuda Rise, which resembles the admittance spectrum

for Bell Regio, in this way. An alternative interpretation is that the short wavelength value may

be a 'remnant thickness' that represents the value of the elastic thickness when the volcanoes

were formed (See Smrekar 1994 for more discussion).

Western Eistla Regio has only the signature of loading from below (Figure 10b). The

absence of a top loading signature is surprising given the presence of the volcanic edifices, Sif

and Gula Montes. However, the estimated volumes for Sif and Gula Montes are substantially

smaller than for Tepev Mons at Bell Regio, and an order of magnitude less than the volcanoes at

Aria Regio (see Table I). There is again general agreement between admittance curves produced

using different gravity fields. If one tries to fit a single model curve to the admittance data

calculated with the 90 degree and order field, a model curve with an elastic thickness of 25 km

produces the best overall fit. A model curve for an elastic thickness of 45 km is also shown, as it

provides a better fit to one or two of the long wavelength admittance points. However, the case

for different elastic thicknesses at different wavelengths is not strong.

In the absence of additional constraints, there are several caveats to consider when

interpreting both apparent depths of compensation and estimates of elastic thickness. If the

elastic thickness varies over the study region, the estimate will be biased towards those regions

with the most power in the gravity and topography, essentially the regions with the highest

topography (Forsyth 1985). Additionally, in going from the 60 degree and order spherical

harmonic gravity field to the 90 degree and order field, the estimates of elastic thickness
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decreased(seealsoPhillips et al 1996). Apparently the lower resolution of the earlier field lead

to an over estimate of the elastic thickness.

Convective processes also introduce ambiguity into interpretations of the elastic

thickness. Recent numerical simulations using depth-dependent or temperature-dependent

rheology have shown that mantle upweUings have a significant structure at short wavelengths

(Smrekar 1994b; Moresi and Parsons 1995). An example shown is in Figure 11, which shows

results from the Ra = 107 plume previously illustrated in Figure 5. The dashed line is the

complete free-air gravity anomaly at all wavelengths from 5600 km (the diameter of the model

domain) to 420 km. The solid line is the free-air gravity filtered to include only wavelengths

between 1100 km and 420 km, corresponding to spherical harmonics degrees between 35 and 90.

The free-air gravity anomaly in this waveband has an amplitude of 47 mgal at the center of the

upwelling, which indicates that high Rayleigh number mantle plumes can be an important

contributor to short-wavelength gravity anomalies. The topography for this model is shown in

Figure 10b; the filtered topography has an amplitude of 0.52 km at the plume center. For

comparison, the Ra = 106 model shown in Figure 6 has a short-wavelength gravity anomaly of

only 19 regals. The diameter of the plume decreases with increasing Rayleigh number, which

implies an increasing amount of short-wavelength power with increasing Ra. This explains the

large difference in the short-wavelength gravity anomalies for the two models. Moresi and

Parsons (1995) have shown that temperature-dependent rheology increases the short-wavelength

admittance produced by convection. Temperature-dependent rheology also increases the

amplitude of the short-wavelength convective gravity anomaly (Kiefer 1995).

As an illustration of how the short wavelength convective signature might be mistakenly

interpreted as a flexural signature, the short-wavelength admittances for the Ra = 107 model are

shown in Figure 1lc. Two different elastic flexure model fits to this admittance spectrum are

also shown. These flexure models were calculated by Roger Phillips (personal communication

1995) for a 4 parameter top and bottom loading model (Forsyth 1985; Phillips 1994). The results

of a Monte Carlo inversion for the best fitting model parameters are illustrated with the short-
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dashed line. This model has a crustal thickness of 192 km, which is implausibly large.

Accordingly, the long-dashed model shows the result of a parameter inversion when the crustal

thickness is constrained to be 50 km; the results are nearly as good as for the thicker crust. The

remaining three parameters in the inversion are the ratio of bottom-to-top loading, the depth of

bottom loading, and the thickness of the elastic lithosphere. These three parameters are nearly

the same in both model fits. The ratio of bottom loading to top loading is infinite, as expected

for a mantle plume and no surface load. The bottom loading depth is 227 km for the flexure fit,

and should be interpreted as an effective average loading depth. The elastic lithosphere in this

model fit has a thickness of 88 krn, despite the fact that the convection model used to calculate

the admittance actually has no elastic layer in it.

The uncertainties in interpreting the elastic thickness estimates suggest that larger

estimates of the uncertainty are warranted than those required by the fit to the data alone. An

uncertainty of +10 km in the elastic thickness estimates is perhaps an appropriate value. We

suggest this value based on comparisons to terrestrial studies where the interpretation of

admittance curves are subject to most of the same uncertainties. However additional constraints

on the elastic thickness estimates, such as the age of the plate, seismic data, and heat flow data

indicate that the estimates obtained from admittance studies are reasonable. The similarity

between admittance curves for terrestrial hotspots and Bell and Atla Regiones, the venusian

hotspots with the best behaved admittance spectra, suggests both that the estimates of elastic

thickness are well enough constrained to be of value and that similar processes are operating.

As shown in this section, the relationship between gravity and topography does not allow

a unique determination of the viscosity structure of the lithosphere or the position of the plume

density anomaly. For hotspots, one problem is that none of the models include all of the

processes believed to be operating at terrestrial hotspots due to the difficulty of modeling elastic

and viscous processes simultaneously. The effect of applying a model that does not include all

of the processes acting at a hotspot is to bias the estimate of the ADC and the associated estimate

of thermal lithospheric thickness. The elastic thickness estimates can be used to estimate the
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thickness of the thermal lithosphere, but still include the uncertainty of the amount of heat flow

generated by the plume relative to the background heat flux (Phillips et al. 1996). In the next

section, we discuss additional constraints on lithospheric thickness.

DISCUSSION

Are Venusian Hotspots Active?

Since there is no plate motion to constrain the duration of venusian hotspots, the only

information on hotspot age is indirect. Although large volcanic rises as a class can not be dated

with any accuracy, the crater density for large volcanoes and coronae together is less than the

average density of the planet (Namiki and Solomon 1994). Since large volcanoes and coronae

form concurrently with most large volcanic rises, the relative youth of volcanoes and coronae

overall is consistent with hotspots having an age younger than the average age of the planet.

Additionally, some of the large volcanic rises appear to have a younger than average age based

on analyses of extended ejected deposits (Phillips and Izenberg 1995).

Gravity and topography data also provide some clues about hotspot activity. Comparison

of ADCs (or GTRs) of hotspots to models of hotspot evolution indicate that all venusian hotspots

are in an intermediate to late stage of evolution (Smrekar and Parmentier 1996). The bottom-

loading signature observed in the gravity and topography for Aria, Bell, and W. Eistla Regiones

suggests the presence of a thermal anomaly at depth (Smrekar 1994). Smrekar and Parmentier

(1996) estimate that the thermal anomalies under venusian hotspots require at least 100-200 m.y.

to cool, which gives an lower bound on the age of hotspots displaying a bottom loading

signature. An alternate interpretation is that the bottom-loading signature may be caused by a

low density mantle residuum root. However, the observed volcanism at venusian hotspots is

inconsistent with at least the larger volcanic rises being entirely compensated by residuum. This

is based on the assumption that the extrusive-to-intrusive ratio is no less than 1:10, by analogy to

terrestrial hotspots (see Smrekar and Parmentier 1996 for more discussion). Dione Regio could
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be an exception, in that it has a very large volume of volcanics with little swell topography. The

evidence at this point suggests that at least a few hotspots are be active.

If we make the assumption that all nine venusian hotspots are active, we can estimate an

upper bound on their buoyancy flux. The duration of the plume is necessary to accurately

estimate plume buoyancy, which is, of course, unknown. The average crater retention age, 300-

500 M.y., is probably a reasonable upper bound. For comparison, the oldest hotspot that is still

active on Earth is probably Crozet, with an age of 200 M.y. Smrekar and Parmentier (1996)

showed that the buoyancy flux for a typical individual venusian hotspot is comparable to that of

a typical terrestrial hotspot, assuming a duration of 150 My. Longer-lived plumes would have

lower buoyancy fluxes. Venus has at most nine active hotspots, in comparison to the

approximately 40 hotspots on Earth (Davies 1988; Sleep 1990). Even if highland plateaus and

large coronae are counted, there would still be only about half the number identified on Earth.

Thus the total heat flux coming from all venusian hotspots is likely to be a fraction of that

coming from terrestrial hotspots. The total flux from terrestrial hotspots is estimated to be

approximately 10% of Earth's total heat flux (Davies 1990).

Implications for Lithospheric Thickness

The thickness of the lithosphere beneath hotspots can not be constrained solely by fitting

convection or thermal models to the gravity and topography data. Models that predict a 'thick'

lithosphere (-300 km) include thermal thinning of the lithosphere and stagnant lid convection.

However, mantle upwelling models with Earth-like parameters, including a 'thin' lithosphere

(-100 kin), also fit the data. In this section we will argue that additional constraints and

considerations are most consistent with a thin lithosphere.

One such constraint is the presence of large volcanic edifices and extension found at most

of the large volcanic rises. Beta Regio, the hotspot used to constrain the majority of models

discussed in the previous section, has very large edifice volumes (see Table I) and prominent

rifts. As discussed by Solomatov and Moresi (1996), the stagnant lid model predicts a transition
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to aregimewith nopressure-releasemeltingandlittle if anysurfacedeformation. For the

thermalthinningmodel,theoppositeproblemis applies,in thattheextremethinning of the

lithosphereandvery largetemperaturecontrastspredicttoo largea volumeof melt ('Mooreand

Schubert1995). The similarity in the volume of volcanics on Earth and Venus is consistent with

similar lithospheric thicknesses (Smrekar and Parmentier 1996). The mantle and/or plume

temperature can be increased to allow for a lithosphere thicker than that of the Earth, but one

must then explain very high mantle temperatures combined with a thick thermal lithosphere.

The estimates of elastic thickness for venusian hotspots based on the 90 degree and order

field range from 15 to 40 krn (see also Phillips et al. 1996), with 25 km being the best average.

Phillips et al. (1996) discuss the range of elastic thickness estimates for different regions of

Venus, the results of various convection models, and the implications for the thickness of the

lithosphere. They conclude that the thickness of the lithosphere based on translating elastic

thickness to mechanical thickness and thermal gradient and on estimates of heat flow from the

interior is not well constrained and allows for thin to intermediate lithospheric thicknesses

(perhaps 100-200 km).

Finally, both thick and thin lithosphere models have intrinsic problems. With the

stagnant lid model (Solomatov and Moresi 1996), a convective layer 600-1600 km in thickness is

required to fit the range of GTRs. The interpretation of such a shallow convecting layer

thickness, not to mention the variations required to fit the observed range of hotspot parameters,

is unclear. On the other hand, if the lithosphere is essentially Earth-like, than why is the

resurfacing history so different and the level of volcanic and tectonic history so low? Available

information to date does not permit a conclusive answer to this controversy (see Phillips et al.

1996 for more discussion). However, for the reasons discussed above, We favor the thin

lithosphere interpretation and continue to search for answers as to why Venus and Earth are so

different.

Hotspots and Coronae
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Coronae are believed to be caused by small scale upweUings that are likely to originate at

shallower depths than the upwellings causing mantle plumes (Janes et al. 1992; Stofan et al.

1992). Although coronae are typically an order of magnitude smaller in diameter than hotspots,

there are a few large coronae that overlap in size with the smaller hotspots (see Stofan et al. 1996

for a comprehensive reference list and discussion). The volcanic, topographic, and tectonic

signatures of coronae are very different from hotspots. Despite the wide variation in the

topography of coronae, the morphology is most consistent with an upwelling diapir origin. A

survey of ten coronae using Magellan data (Schubert et al. 1994) show that their ADCs overlap

with the full range found for hotspots (see Stofan et al. 1996, Figure 7).

The primary difference between coronae and hotspots of similar size is likely to be the

lithospheric structure. Models of coronae suggest that the elastic thickness must be fairly small

(Janes et al. 1992; Cyr and Melosh 1993). The absence of large volcanic edifices suggests that

the lithosphere may too weak to support large loads. However, this simple interpretation is in

conflict with estimates of elastic thickness at large coronae, which are in the range of 30-45 km

(Sandwell and Schubert 1992; Smrekar and Yu 1996). As discussed by Stofan et al. (1996),

models of coronae formation are still incomplete. Outstanding questions are why coronae are

found only on Venus, where the diapirs originate, and why some upwellings develop into

hotspots while others develop into coronae.

Hotspots and Highland Plateaus

There is an ongoing debate about whether highland (or crustal) plateaus are the result of

mantle upwellings or downwellings (Phillips and Hansen 1994). In the downwelling scenario,

the plateaus form as the crust is thickened in response to traction associated with mantle

downweUing (Bindschadler and Parmentier 1990; Bindschadler et al. 1990). In the upwelling

model, the plateau is a crustal block formed by massive pressure-release melting above a mantle

upweUing (Herrick and Phillips 1990; Phillips et al. 1991). This mechanism forms terrestrial

flood basalts. The block is susceptible to subsequent deformation because the more
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differentiatedernstis weakerthanthe surrounding plains (Grimm and Phillips 1991). In either

case, the plateaus axe likely to be remnants from an earlier, more active stage in the history of

Venus. Stratigraphy shows that plateaus axe locally the oldest features. The downweUingmodel

requires a thin, weak lithosphere. In the upwelling model, extensive pressure-release melting is

facilitated by a thin thermal lithosphere and hot mantle, which is more likely to be present earlier

in the planet's history (Smrekar and Parmentier 1996).

Both models of plateau formation present problems. Recent reevaluations of the

downwelling model using a new, strong flow law for dry diabase to describe the behavior of the

crust (MackweU et al. 1995) suggest that the time scales for downwelling axe prohibitively slow

(Phillips and Kidder 1995; Kaula and Lenardic 1995). New evidence in favor of the upwelling

model comes from detailed geologic analysis of highland plateaus that indicates an early

extensional phase of deformation (Hansen and Willis 1996). Compression in the upwelling

model has not been fully modeled. Possible explanations include external tectonic forces,

possibly aided by a thinner hthosphere under the plateau (Zuber and Parmentier 1995), traction

supplied by the plume (Basilevsky 1986; Grimm and Phillips 1991), or delamination resulting

directly from the upwelling (Smrekar and Stofan 1996).

SUMMARY

The global high resolution picture of Venus afforded by Magellan have shown a greater

variability in the geology of hotspots than was previously known. Imdr, Dione, Themis, central

Eisria, and eastern Eistla Regiones have been interpreted to be hotspots on the basis of their

topographic morphology, evidence for volcanism, and deep ADCs (Stofan et al. 1995), in

addition to the four regions previously identified as likely hotspots, Aria, Bell, Beta, and western

Eisfla Regiones. The nine hotspots have been classified as rift-dominated (Aria, Beta Regiones),

volcano-dominated (Bell, Dione, western Eistla, and Imdr Regiones), and corona-dominated

(central Eisria, eastern Eistla, and Themis Regiones). Rift-dominated rises cut by major rifts that
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continuebeyondthetopographicriseandappearto beshapedby theinfluenceof regional

extension(Schaber1987;Stofanetal. 1995). Thevolumeof thevolcanicedificesatAtla and

BetaRegionesare amongthelargestfor anyhotspots(Stofanet al. 1995),probablyreflectingthe

greaterthinning of the lithosphereby extensionandenhancedpressure-releasemelting.

Coronae-dominatedrisesareclustersof coronaethatoccuronabroadtopographicswell. This

variation in hotspottectonicsignaturemayreflectdifferencesin thepropertiesof theplume,

lithosphere,or both.

Terrestrialandvenusianhotspotssharemanycharacteristics.For example,the rangesof

swell diameterandheight,andvolcanicedificevolumearesimilar (Stofanet al. 1995). The

volcano-dominatedclassof venusianhotspotsmostcloselyresemblestypical terrestrialhotspots.

Rift-dominatedhotspotshavesometerrestrialanalogs,suchastheEastAfrican Rise(.e.g.

McGill 1981)andpossiblytheBaikalRift. Coronae-dominatedrisesareuniqueto Venus,asare

coronae.Hotspotson thetwo planetsbothexhibit awidevariationin surfaceexpression.Their

gravity signaturesvary dueto thepresenceof a low viscosityzoneonEarth.

The rangeof ADCs for thefive additionalhotspotsoverlapswith that of thefour

previouslyknown hotspots,giving atotal rangeof 65-260km. Factorsthatarelikely to

contributeto therangeof ADCs includevariationsin thethicknessof aresiduumlayer, the

thicknessof thelithosphere,plumestrength,theevolutionarystage,andthe amountof flexural

compensationof volcanoes.Somehotspotsmaybeactiveor recentlyactive,basedon their

bottom-loadingsignature (Smrekar 1994) and on the overall fit of ADCs to models of

evolutionary sequence (Smrekar and Parmentier 1996). The resolution in the gravity data also

permits the estimation of the elastic thickness of the lithosphere in some regions. The value at

Aria Regio is 25 km (Phillips et al. 1996). At Bell Regio, the elastic thickness is estimated to be

15 km at short wavelengths and 40 km at long wavelengths. At Western Eistla Regio, the best

estimate is 25 km. These values have uncertainties of approximately + 10 km, based on

uncertainties in the admittance technique and on the contribution of convection to the short

wavelength signature.
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A widerangeof modelshavebeenproposedto explainthegravity andtopographyof

hotspots,with mostof themodelsappliedspecificallyto Aria orBetaRegiones.The central

issuein thesestudiesis theestimationof thethicknessof thethermallithosphereandthestrength

of any thermalanomalybeneaththehotspot.This questionis directly tied to understandingthe

tectonicevolutionof Venusandprocessesof resurfacing.Modelsof axisymmetricupwellings

with Earth-likeparametersor extrapolationsof theelasticthicknessestimatesyield Earth-like

estimatesof thethicknessof thethermallithosphere,or approximately100km (Kiefer andHager

1991;SmrekarandPhillips 1991;McKenzie1994,Moresi andParsons1995;Phillips et al.

1996;SmrekarandParmentier1996). Modelsof stagnantlid convection(SolomatovandMoresi

1996)or thermalthinningof thelithosphere(KucinskasandTurcotte1994;Moore andSchubert

1995)estimatethatthethicknessof thethermallithosphereis ontheorderof 300km.

Withoutadditionalconstraints,anyof theabovecompensationmodelsprovidea

reasonablefit to thegravityandtopographyprofiles acrossBetaandAriaRegiones.Models

with athin thermallithospherearemoreconsistentwith observedextensionandtheestimatesof

volcanicvolumes.Modelswith athick thermallithosphereareinconsistentwith these

observations,butdooffer theadvantageof providingoneexplanationfor theresurfacinghistory

of Venus. Herewe favor thethin lithosphereinterpretationbecauseit consistentwith all

availabledatafor hotspots.

Additional outstandingquestionsfor venusianhotspotsaretheir relationshipto coronae

and to highland plateaus. Further insights on the thickness of the lithosphere, the interaction of

mantle upwellings with the lithosphere, and the role of mantle upwellings in the resurfacing

history of Venus are likely to come from solving these questions through improved modeling

approaches, more detailed geologic studies, and possibly additional gravity studies. The

collection of seismic, heat flow, and additional geochemical data could also greatly improve our

understanding of why Venus has evolved along a different path than the Earth.
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TABLE I
Characteristics of Volcanic Rises on Venus

Volcanic Rise Volume of Minimum-
Volcanics x 10 s Maximum

(km 3) Diameter (kin)

Apparent Depth of
Compensation (kin)

Swell Height (km)

Rift Dominated

Beta Regio
Atla Regio

160.0,3.29 6.93 1900-2500
514.0,1.33 2.62 1200-1600

Volcano Dominated

Imdr Regio 48.0, 0.61-0.88 1200-1400
W. Eistla Regio 39.1,1.72-2.85 2000-2400
Dione Regio -200 ?
Bell Regio 32.6 0.77-1.22 1100-1400

Corona Dominated

Themis Regio ? 0.94-1.85 1650-2300
C. Eistla Regio ? 0.33-0.71 1000-1400
E. Eistla Regio ? 1.08-1.57 1600-1800

225 •
175 •

26O
200 •

130
125"

100
120 _
65

2.1
2.5

1.6
1.8
0.5
1.2

1.5
1.0
1.0

• Smrekar 1994; bGrimm and Phillips1992.
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Figure Captions

Figure 1. Location of nine probable hotspots on a base map of Magellan topography in
Macerator projection, where the highest regions are brightest and the lowest regions are darkest.
Regional names are centered beneath each topographic rise. The total range is approximately 12
kin.

Figure 2. Magellan radar image of Beta Regio. This and other images are in sinusoidal equal
area projection, with north at the top, and are mosaics of right-looking radar observations. Black
strips are gaps in the data at the time when the mosaic was made. Bright areas are either rough
on the cm scale or are topographic surfaces facing the radar antenna. Most bright areas are either
rough lava flows or tectonically fractured regions. Dark areas are smooth surfaces, such as
smooth lava flows. The image is approximately 2400 across. The bright region just to the
southwest of the center is Theia Mons. The bright lineations extending to the north and south of
Theia Mons are Devana Chasma, a major rift. Another rift, Hecate Chasma begins at Theia
Mons and continues to the southwest. Additional, unnamed fractures run east-west. A corona is
seen in northeast comer. Most of the bright-to-gray, f'mely lineated regions are areas of

preexisting complex ridged terrain. Eight impact craters are also visible.

Figure 3. Magellan radar image (see Figure 1 for discussion) of Bell Regio. The image is
approximately 1800 km across. The bright region to the right of center is Tepev Mons, a 5 km
high shield volcano, with associated flows. The dark region to the west is another volcanic

center. The bright annulus near the top of the image is Nefertiti Corona.

Figure 4. Magellan radar image (see Figure 1 for discussion) of Themis Regio. The image is
approximately 2800 km across. Several of the larger coronae are cut by radial fractures. Themis
Regio is at the southeast end of Parga Chasma.

Figure 5. Comparison between Magellan observations for Beta Regio (solid lines) and the

Rayleigh number of 107 plume model (dashed lines). The observed values are taken on an east-

west profile along 29°N, centered at 282°E. a) Geoid anomalies, b) Topography.

Figure 6. Comparison between an Ra = 107 plume with an isoviscous mantle (dashed lines) and

an Ra = 106 mantle plume with factor of 10 viscosity increase below 700 km depth (solid lines).

Results are shown as a function of distance from the plume axis. a) Geoid anomalies, b)
Topography.

Figure 7. Comparison of the stagnant lid model of Solomatov and Moresi (1996) to profiles of
gravity, geoid, and topography at Beta Regio. The prof'des are taken from -86.62°E, 11.77°N to
-53.39°E, 37.13°N. Temperature contours at 50 C intervals are shown for the convection model
at the bottom. The model is for convection in a square box with a height of 1600 km, a Rayleigh
number of 3x107 and a viscosity contrast of 106.

Figure 8. Topography, geoid-to-topography ratio, and the cumulative volume of pressure release
melting predicted by an axisymmetric model of mantle upwelling with temperature-dependent
viscosity in which the plume reaches the lithosphere after -70 m.y., and the plume begins to die
out at - 150 m.y. (see Smrekar and Parmentier (1996) for details of model). Symbols show
cases with thermal lithospheric thicknesses of 50, 100 and 150 km. The geoid-to-topography
ratio range shown approximately corresponds to an ADC range of 100-300 km.

Figure 9. Same as for Figure 8, except that the thickness of the thermal lithosphere is held
constant at 100 km (the same reference case is shown with pluses in Figures 8 and 9); cases are
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shownfor four thicknessof a layer of low density mantle residuum: 0, 150, 200, and 250 km.
The thicknesses are measured from the surface, so that a 150 km thick layer of residuum extends
50 km below the 100 km thick thermal lithosphere.

Figure 10. Admittance spectra for a) Bell Regio and b) western Eistla Regio. Spectra are shown
using three different gravity fields. Solid model curves include a crustal thickness and an elastic

lithosphere loaded from below by a deep density anomaly at depth. The three solid curves
indicate different depths for the deep density anomaly. The dashed-dot curves include a crust
and top loading of the elastic plate, assuming three different crustal thicknesses. The vertical
solid line is at the degree strength cut off wavelentgh. See the text for more details and Smrekar
(1994) for a discussion of the effect of various model parameters.

Figure 11. a) The free-air gravity anomaly for the Ra = 107 mantle plume model. The dashed

line is the unf'tltered gravity anomaly and the solid line is the gravity anomaly filtered to only
include wavelengths between 420 and 1100 krn. b) The topography for this plume model, using
the same line conventions as in panel a. c) The non-dimensional admittance spectrum for this
plume model. The two dashed lines are elastic flexure model fits. The model parameters are
shown in the box using the nomenclature of Phillips (1994). See text for details.
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